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Abstract— The seafood processing industry provides fertile
ground for robotics to impact the future-of-work from multiple
perspectives including productivity, worker safety, and quality
of work life. The robotics research challenge in this domain
is the realization of flexible and reliable manipulation of soft,
deformable, slippery, spiky and scaly objects. In this paper,
we propose a novel robot end effector, called HASHI, that
employs chopstick-like appendages for precise and dexterous
manipulation. This gripper is capable of in-hand manipulation
by rotating its two constituent sticks relative to each other
and offers control of objects in all three axes of rotation by
imitating human use of chopsticks. HASHI delicately positions
and orients food through embedded 6-axis force-torque sensors.
We derive and validate the kinematic model for HASHI, as
well as demonstrate grip force and torque readings from the
sensorization of each chopstick. We also evaluate the versatility of
HASHI through grasping trials of a variety of real and simulated
food items with varying geometry, weight, and firmness.

I. INTRODUCTION

In 2022, the United States imported record amounts of
seafood, corresponding to a trade deficit of more than $20
billion [1]. This is primarily due to lack of capacity for
processing and reduced worker availability. Robotics and
automation have the potential to impact the future of work in
the seafood processing industry. To achieve this goal, there
is a need to introduce novel designs, tools and methods, and
productivity measures.

Deformable object manipulation is a challenging task
in robotics. The industrial settings in seafood processing
facilities pose additional challenges to maintain the integrity
of the products while maximizing the yield. Through dis-
covery interviews with more than 40 small-to-medium size
enterprises (SMEs) in the seafood industry, located in the
U.S., seafood hubs such as New Bedford, MA, and Kodiak
Island, AK, we identified inspection and grading of delicate
seafood items as a use-case to motivate the development of a
novel robot end effector. Specific goals include: (1) to inspect
seafood in a production line both visually and physically for
quality and grading purposes, (2) to collect, sort, and tray
seafood for packaging by human workers, and (3) to orient,
align, and flip fresh seafood on a production line.

Our existing inventory of end effectors that can perform
manipulation of deformable objects often features multiple
articulated joints in the fingers [2], or employs active surfaces
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Fig. 1: HASHI end effector mounted to 7 degrees of freedom (DOF)
co-robot, manipulating a variety of deformable or fragile food items.
The gripper also exhibits a series of grasp strategies including open-
air pinch, in-container grasp, and large object lift.

to achieve the desired levels of control [3]. However, these
approaches increase mechanical complexity and are difficult
to adopt in food processing where food safety is paramount.
Soft grippers are also used to handle food products [4];
however, most widely-used designs are underactuated without
the ability to reposition items in-hand. With this framing in
mind, the core question of this research is: Can a rigid robot
end effector be gentle, dexterous, and mechanically simple?

Inspired by how chopsticks have become a versatile tool
for handling food items among numerous cultures, we present
a dexterous manipulator specifically designed for handling
food items (Fig. 1). This research focuses on the development
and validation of the hardware platform to enable chopstick-
based motion planning for control and handling of objects.
The specific contributions are:

• Development of open-source hardware and software
for a chopstick end effector for deformable object
manipulation.

• Kinematic modeling for control of the mechanism and
experimental verification of the models.

• Demonstration of a dual-chopstick gripper for the
manipulation of food items of various size, hardness,
and weight.

II. RELATED WORK

A. Food Processing and Manipulation
Successful manipulation of food during processing is a

difficult problem in robotics. This is attributed to the wide
range of food items in size, shape, friction, and homogeneity
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[5]. Cooking food in any way also further changes the
physical properties, size, shape, density, mechanical properties,
coefficient of friction, and elastic modulus [6], [7]. Previous
efforts have explored the use of grippers with tactile sensors
[5] where delicate foods are manipulated with a simple
parallel plate gripper, since it is the most common robot
manipulator. Food manipulation is of particular importance to
the assistive robotics community, where multiple efforts have
been made to increase the sensorization of end effectors for
feeding. [8], [9]. Both of these papers illustrate the potential
for haptic feedback in the transportation of food by an end
effector.

B. Food Gripper Designs

Although mechanically-simple end effectors, such as the
parallel-plate gripper, have their place, many application-
driven robots utilize a specialized end effector design. [10]
introduces a food gripper taxonomy by which a gripper is
classified by its contact location with the food. Food grippers
most similar to a parallel plate or three-pronged grippers grasp
the food at the sides, including compliant grippers [11], [12].
[13] demonstrated an example of this formulation, where the
jaws of a parallel plate gripper are replaced by rubber strings
that conform to the sides of food items. In one configuration,
this design can fully close its jaws, allowing it to lift a large
range of food items. However, certain granular foods, such
as beans or peas, are small enough to slip through the gaps
between bands. Many unconventional grasping strategies are
used to grasp from an angle other than top-down [14]. These
include the quad-spatula gripper [15] that scoops up a wide
variety of compliant and fragile foods by sliding underneath,
with the added benefit of a large planar workspace. Grippers
that exploit additional forces such as the Bernoulli effect,
[16], also fall into this category. When piercing the food
item is an acceptable condition, another class of grippers
has been successfully demonstrated [17], [18], albeit only
when irreversible deformation does not degrade the quality of
the food item. These grippers are also effective in grabbing
numerous small food items (noodles or slices of green onion)
simultaneously.

C. Chopstick Manipulation Related Work

Previous designs have explored the potential for a chopstick-
like end effector in both simulated environments and me-
chanical design. [19] employed Bayesian Optimization and
Deep Reinforcement Learning to predict different gripping
and manipulation poses with chopsticks in-hand given a
manipulation task. [20] combined motion planning and stick
positioning in-hand from a variety of pick and place actions;
thus mirroring the natural variety of chopstick use found in
multiple human users. [21] explored the use of chopsticks
for teleoperation with a single degree-of-freedom (DOF)
chopstick to grasp unstable items such as a smooth sphere and
a potato chip. They then leveraged this data for use in model-
free imitation learning designed to combat the covariate shift
[22]. Most recently, they employed reinforcement learning
with pre-training in suboptimal conditions to perform precise
antipodal grasping in dynamic scenes [23].

There are only a handful of examples of robots designed
with chopstick-like mechanisms for manipulation, and even
fewer that are related to the food industry. Most recently,
Dextrous Robotics released the DX-1, a package unloading
robot using two chopstick-like arms on rails that allow
for linear motion in two directions and rotational motion
about their mounts [24]. They demonstrate manipulation of
objects as small as a sugar cube and as large as an armchair.
Conversely, [25] focused on dexterous manipulation of
objects on the order of microns. [26] designed a teleoperated
mechanism that has force feedback on the order of nano-
Newtons. While this mechanism also has three DOF per
chopstick, it was designed for surgical teleoperation with an
effective range of motion that is far too minuscule to handle
food other than individual granular media like salt or other
spices. [27] developed a surgical robot that replaces thick
forceps with thin-diameter rods for laparoscopic surgery. [28]
developed a system capable of positioning both tips of the
chopstick at an XY Z position in the workspace, as well as
linear motion and rolling motion about the axial length of
the chopstick, allowing the rotation of an object at the tips
in two directions [28]. This dexterity allows for minimally
invasive manipulation of surgical instruments as well as body
tissue inside the abdominal cavity.

[29]–[31] demonstrated the use of a one-DOF chopstick
mechanism in a series of works. Their design opens and closes
one chopstick using a cam and is mounted to a frame with
additional DOFs for positioning and orienting the gripper;
however, their system is meant to be placed on a tabletop,
rather than on the end effector of a robot. Nevertheless, it
is capable of many autonomous motions, such as cutting,
mixing, stacking, piercing, and spooning a mass of small
discrete items like rice. Their design employs a force/torque
sensor (F/T) in line with the stationary chopstick, as well as
a perception system and a user interface capable of being
operated by an individual with limb deficiencies. Our work
builds upon the advances of the literature by providing a
multi-DOF mechanism with enhanced dexterity and haptic
perception, small and light enough to be mounted as an end
effector on existing manipulators, with kinematic modeling
to support the manipulation of a wide variety of foodstuffs.

III. DESIGN

HASHI consists of two platforms capable of independent
movement. Each platform houses one chopstick and has a
linear travel range of 35 mm along the Z-axis. This linear
motion is performed by a leadscrew mounted directly to the
faceplate of a servo. To achieve successful manipulation in
the desired range (±50mm in the XY plane), Dynamixels
from the XC330 line were selected for their torque output,
size, ease of mounting, and compatibility with ROS [32].
XC330-T288 servos were chosen for pitch and yaw actuation,
and XC330-T181 servos were chosen for linear movement.
While HASHI is capable of piercing food items, the speed and
torque limits for the servo were the primary design factors.
These servos were mounted to the linear plate so that their
axis of rotation was in the same plane as point of rotation for
the multibody chopstick, as shown in 2b. The intrinsic slop of
each servo leads to imprecise motions. To combat this source
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Fig. 2: a) Sample image of the convex hull generated from the kinematic analysis overlaid in a CAD model to demonstrate individual and
shared workspace of each chopstick b) Exploded diagram of yaw servo actuation with corresponding linkage and connection to multibody
chopstick backend c) Exploded diagram of the multibody chopstick

of error, the circular body of each servo horn is enclosed
with a ball bearing held in place by a slop reducer as seen in
Fig. 2b. This reduces all slop except for the backlash inside
the servo gearbox. The linear axis servo was not fitted with
a slop reducer. This allows for some axial misalignment with
the leadscrew and threaded flange and reduces binding under
load.

Each chopstick is instrumented with a 6-axis F/T sensor
developed by Resense1. Its size is only marginally larger
than the diameter of the chopstick itself; moreover, it has
an allowable force limit of ±25 N and torque limit of
±125 mNm. We selected this device for its mass (≈ 10
g), measurement resolution (10 bit), and sampling rate (1
kHz). The addition of these sensors does not restrict the range
of motion nor force output. The location of these sensors
at the top of the mechanism, and thoroughly out of contact
with any crumbs or liquid stemming from the manipulation
of food, increases the mechanical simplicity of the design,
while simultaneously making the device food safe.

Each chopstick is an M4 partially threaded aluminum
connecting rod. As the chopstick is directly connected to
the F/T sensor, aluminum was chosen for its light weight,
which minimizes sensor drift induced by gravity. The ability to
quickly unscrew each chopstick increases ease of sterilization
and decreases cross-contamination when working with a
variety of foods. The tip of each chopstick is fitted with a
custom silicone sock cast in Dragon Skin™FX-Pro™(Smooth-
On), which has a shore hardness of A-2. This addition
increases friction while adding minimal mass to the tip. This
sock is easily removed to reveal cut threads underneath, which

1https://www.resense.io

are helpful to obtain purchase on objects that are slippery and
deformable yet durable. All 3D printed parts were printed out
of Onyx® CF-Nylon (Markforged), and all of the flat plates
were laser cut out of 1/4” acrylic.

A. Inverse Kinematics
The multi-servo control mechanism does not fit within

many pre-defined frameworks for forward or inverse kinemat-
ics. The Denavit-Hartenberg parameter [33] formulation does
not apply here due to the nonserial nature of the mechanism.
Therefore, a more direct method must be used to derive the
inverse kinematics. Formally, the inverse kinematic problem
is defined as follows: Given a desired XY Z position of the
tip in the achievable workspace, we solve for the pitch and
yaw servo angle, as well as the rotational position of the
linear axis servo.

We start by isolating one platform and modeling the motion
of the multibody chopstick as a pivot about the M8 spherical
ball joint. We assign a reference frame to this joint, shown
in Fig. 3a. This allows us to exploit spherical coordinates
by treating the chopstick as the R-vector [34], with a length
of lc, as described in Table I. To account for the specified
linear travel of the platform, we must solve for Ψ and Φ
independently of the global Z-position given, with these
angles defined in Fig. 3b. First, Ψ is calculated with Eqn. 1,

TABLE I: Specifications of HASHI Manipulator

Symbol Description Value

lc Length of chopstick [mm] 162
lj Length of M2 ball-joint linkage [mm] 32.5
lp Length of pitch servo horn [mm] 28
ly Length of yaw servo horn [mm] 32
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using the input X and Y coordinates. We then use The
Pythagorean Theorem in this equation: zcalc =

√
l2c − r2 to

yield the calculated Z-value in the defined reference frame,
where r is the projection of the R-vector in the XY plane
calculated using Ψ. From this we can now calculate Φ as in
Eqn. 2. zcalc allows us to calculate the vertical displacement
of the entire platform using dp = Z − zcalc − zoffset.

Ψ = tan−1X

Y
(1)

Φ = cos−1 zcalc
lc

(2)

Now that we have the two spherical angles, representing
the rotation of the chopstick base about the pivot, and its Z-
position, we derive the relationship to the servo horn rotations
for the pitch and yaw servos. Fig. 3 visualizes the important
constructs of the subsequent derivation. Considering that
this relationship maps a spherical motion to a linear motion
about two axes, a linear relation between servo angle and
chopstick position does not exist. Simply put, rotating the
servo horns causes the chopstick to trace a spherical arc
in 3D space, resulting in a loss of height proportional to
the displacement from the Z-axis. We start by considering
the interaction between a single servo and the multibody
chopstick backend via the M2 ball-joint linkage. We define
two spheres, one centered on the M2 linkage mount on the
multibody chopstick backend, with radius lj , and the other
with the origin at the servo pivot with radius ls. As rotational
motion of the chopstick is constrained by the pivot and the
motion of the servo arm is constrained to rotation in a single
plane, we define a plane from this sub-assembly along the
center of the servo horn to generate two circles from these
spheres. The bottommost intersection point of this circle is
the desired location of the servo horn, which we solve for to
obtain the desired servo angle.

The location of the two spheres is found by the following
method. We again exploit spherical coordinates to calculate
the position of the sphere with origin on the chopstick
backend:

xpos = −lbsin(Φ)sin(Ψ)

ypos = −lbsin(Φ)cos(Ψ)

zpos = −lbcos(Φ)

where lb is the distance from the reference frame to the
connection point of either the pitch or yaw M2 linkage, and
can be switched with lp or ly as shown in Fig. 3c.

When considering the pitch servo, motion is constrained
to the Y Z-plane, and the origin of the second sphere is
coincident with the axis of rotation of the pitch servo horn,
with a radius of lp as well, as shown in Fig. 3b. When the
chopstick backend moves around, the sphere tied to it will
move out of the plane of interest, meaning that the circular
cross section will change in radius and location as seen in
Fig. 3c-d. Combining x = 0 as the equation of the pitch
plane with the general equation of the sphere describes the
circular intersection of the two, and yields the following:

(y − yp)
2 + (z − zp)

2 =
√
r2 − x2

p (3)

Fig. 3: a) Isometric view of one platform with spherical interaction
visualization and reference frame assignment b) Spherical coordinate
variable assignment c) Cross-sectional view of pitch servo actuation
and circular intersection d) Repeated view of pitch servo showing
new servo position and circular intersection point

The right hand side is the projected radius rproj and xp is the
subtracted value for a from the equation of a sphere. b and
c are yp and zp, respectively, from the equation set above,
or more generally, the two coordinates defining the plane of
interest.

Finally, we calculate the intersection points of the two
circles. To do this, we find the distance between the origins,
which is given by:

d =
√

(h2 − h1)2 + (v2 − v1)2 (4)

Where (h, v) correspond to the horizontal and vertical
coordinates of the circle centers. The horizontal distance
between the center of one circle and the radical line is the
line that joins the two intersection points. This quantity is
found by combining the two equations of the circles and
solving for the horizontal coordinate of the two intersection
points.

l =
r21 − r22 + d2

2d
(5)

The vertical coordinate is then given by:

h = ±
√

r21 − l2 (6)

Eqns. 4-6 consider a general case of circular intersections. By
substituting in the values for d, l, and h into these equations
for horizontal and vertical positions while considering the
pitch case in the Y Z plane, we are left with a pair of circular
intersection points with respect to the chopstick reference
frame:

y =
l

d
(y2 − y1)±

h

d
(z2 − z1) + y1 (7)

z =
l

d
(z2 − z1)±

h

d
(y2 − y1) + z1 (8)
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Fig. 4: Overview of HASHI motion capture and validation. a)
Positioning errors, the line joining pairs of red and blue points
indicates the magnitude of the error. b) Spread of errors in the XY
plane compared to the distance from the Z axis

After filtering out the intersection point outside the max
range of motion of the servo horn, the equations below are
employed to determine the displacement angle of each servo,
where (y, z) and (x, z) are the calculated intersection points
in the pitch and yaw planes respectively, and (yps, zps) and
(xys, zys) are the locations of the pitch and servo circles
respectively.

δp = tan−1 y − yps
z − zps

(9)

δy = tan−1x− xys

z − zys
(10)

While only the calculation in the Y Z plane was shown,
the calculation in the XZ plane must also be done for each
chopstick position.

B. Kinematic Validation
To validate the positional accuracy of HASHI, we fit three

retroreflective markers (Qualisys) to a chopstick on a single
platform. The marker representing the tracked position was
threaded directly onto the end of the chopstick and then offset
appropriately. For the positions of the chopstick, we observed
the {x, y, z} locations of the tip relative to the zero position
of the tip. The orientation of the tip was not considered as
axial rotation is negligible and not relevant to the inverse
kinematic description.

TABLE II: Kinematic Validation for Individual Manipulator

Mean (mm) x(mm) y(mm) z(mm)

2.93± 1.30 1.88± 1.10 1.79± 1.15 0.79± 0.61

We randomly sampled 1000 positions from a uniform
distribution in the theoretical workspace of the end effector.
This workspace spans ±40mm along the X and Y axes, and
35mm along the Z axis. Marker positions were recorded
using a motion capture system (OptiTrack) and correlated
through ROS. The commanded and observed poses are shown
in Fig. 4a. In this figure, a black line connects pairs of
correlated positions. The pose error is defined as the L2

norm between the desired and observed position, given as d =√
(xc − xo)2 + (yc − yo)2 + (zc − zo)2 where subscripts c

and o are commanded and observed positions, respectively.
When the chopstick is close to the Z-axis, the error is

minimal, as demonstrated in Fig. 4b. As the tip moves farther
in the XY plane away from the origin, the error follows a
linearly increasing trend. This is likely due to the backlash of
the servo motors and the slop in the linkage mechanism used
to drive the backend. Nonetheless, the overall distribution
of errors along all axes is minimal for objects of target
size (≤ 20 mm). The mean error is less than 3 mm across
the workspace (Table II), and is smaller toward the center,
where two chopsticks make contact with grasped objects. This
minimized error in the grasping region is desirable, since it
implies that reliable, firm grasping positions are achievable
when the device is closed. The larger errors at the edge of
the workspace are considered acceptable, as larger strokes of
the mechanism at the far extents of its workspace will solely
be used for pushing and orienting movements, rather than
forming a precise pincer grasp.

From the sampled workspace points as perceived by the
motion capture system, we computed a 3D convex hull of
the workspace. This result is shown in Fig. 2a to illustrate
the reachable positions using the dual chopstick manipulator.

C. Force Feedback Validation

To verify the sensitivity of the system when grasping
deformable objects, we performed a series of tests on objects
of varying shore hardness. Platinum cure silicone rubbers
(Smooth-On) were cast in a rectangular shape (30 mm ×
40 mm) in rated shore values of 00-40, 00-45, and 00-50.
We also 3D-printed two more objects out of TPU in shore
hardness A-83 and A-95. Since these objects lie on two
different shore scales, where there is no direct meaning in the
numerical difference between them, we simply expect to see
an increase in force response for firmer objects. Each object
was positioned directly between the sticks of the gripper,
while they were commanded to close to the zero position.
The object was then released, and this routine was repeated
for a total of 8 gripping cycles. Fig. 5 shows the x-axis force
and y-axis torque values time-synchronized.

In both the force and torque readings, there is a clear
distinction between materials of different shore hardness.
Given the spanned range from soft (00-40) to firm (A-95)
there is a noticeable increase in observed force along the
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Fig. 5: a) X-axis force data for chopstick surface strike against objects of varying shore hardness. b) Observed time-synchronized torque
reading from strike.

applied axis as the chopstick makes contact with the test
object. These force increases are most pronounced in the
softer materials (00-40, 00-45, 00-50). The difference between
soft objects (≈ 2.25 N) is more pronounced than the firmer
shore A rated objects (≈ 0.8 N). Significantly, these results
show that HASHI has excellent sensitivity to distinguish
between objects with small differences in hardness. For
applications such as manipulation of frozen, semi-frozen,
or thawed seafood, this ability to perceive hardness may be
consequential to the chosen manipulation strategy (e.g. pinch
vs. lift under).

IV. GRASPING EXPERIMENTS

We evaluate the performance of the HASHI gripper by
designing a set of experiments inspired by the YCB grasping
benchmark [35]; however, we reimagine the set of objects to
consist of small, deformable food items. Instead of using a
grasp planning algorithm, the robot and gripper are teleoper-
ated into a repeatable pregrasp pose. Items are weighed and
measured before being placed on a raised platform. While
positioned parallel to the table, the chopsticks are closed
around the target food item, and then programmatically held
to this final closure position. The items are then lifted 25
cm above the table and linearly translated 20 cm at 0.2m/s
for three cycles. For the rotation tests, the food is lifted in
the same way, but at the apex of the motion upwards, the
end effector is instead rotated 90◦ about the Y and Z axes.
If the object remains in the gripper during translation and
rotation, the subcomponents are marked as success (Y). If the
object slips out of the gripper or disintegrates at any point
during the motion, the trial is marked as failure (N). Table
III shows the full results of the grasping experiments and the
parameters for the items.

HASHI performed well during the majority of the trials.
The nigiri trials were the only ones where the food item
slipped out during movement, first because the grasp was not
in the center of the heavy rice base, and second because the
tuna on top was not secured. We hypothesize that transport
of an object like this is possible, provided it is grasped at
an angle or orthogonal to the table, similar to how it would
be grasped in reality. The frozen scallop also proved to be
difficult, namely due to its lubricity and rigidity. Round or
spherical objects normally considered to be unstable when

Food Weight (g) Dim.(mm) Rot. Lin.
Sushi Roll 25 35×45×25 Y Y

Frozen Scallop 30 50×45×20 N N
Raw Scallop 38 50×45×20 Y Y

Cooked Scallop 25 40×35×25 Y Y
Grape 9 28×18×24 Y Y

Edamame < 1 15×10×8 Y Y
Potsticker 29 90×27×40 Y Y

Salmon Sashimi 13 90×35×5 Y Y
Tuna Nigiri 50 90×35×40 N N

Broccoli 12 60×50×40 Y Y
Shrimp (small) 7 48×35×14 N N
Shrimp (med) 14 65×45×15 N Y

TABLE III: Food parameters and results of grasping trials.

grasped at two points were quite secure during trials, likely
due to the slight deformability we were able to exploit. Some
additional foodstuffs were qualitatively manipulated as shown
in Fig. 1.

V. CONCLUSION

In this work, we demonstrated the design, modeling, and
validation of a chopstick-inspired dexterous end effector.
Our mechanical design enables the manipulation of a wide
variety of food items while also maintaining excellent force
perception near the grasping interface. As the kinematics
are based on individual chopsticks, this two-stick design is
extensible into configurations that utilize multiple sticks for
enhanced stability and in-hand manipulation capability. Future
work will also include the incorporation of HASHI into grasp
planning mechanisms for automated item manipulation, and
the development of other manipulation strategies, such as
pushing, scooping, and piercing. Additionally, the potential
of F/T feedback in the servo control loop will offer future
opportunities for precision grasping and enhanced dexterity.
In sum, HASHI represents an exciting innovation in end
effector design by combining mechanical simplicity with rich
dexterous control.
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